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Atmospheric vortex streetson a RADARSAT SAR image

Xiaofeng Li, Pablo Clemente-Coln, and William G. Pichel
NOAA E/RA3, WWBG, Room 102, 5200 Auth Road, Camp Springs, Maryland 20746, U.S.A.

Paris W. Vachon

Canada Centre for Remote Sensing, 588 Booth St., Ottawa, Ontario K1A 0Y 7, Canada

Abstract. We analyze the sea surface imprint of two
atmospheric vortex streets (AVS's) observed on a
RADARSAT, a Canadian earth observation satellite,
Synthetic Aperture Radar (SAR) image of the Aleutian
Islands in the western Gulf of Alaskaacquired on May
5, 1999. The RADARSAT SAR instrument is operated
in Gband with HH polarization. These AVS's are

interpreted as the atmosphere analog of classic Von
Kérméan vortex streets. The SAR image, along with
radiosonde data and surface weather charts, reveal that
the AV Slengths are 196 km and 111 km for AVS-1 and
AVS-2, respectively. There are five and two pairs of

vortices within each AV S. The vortex shedding period
is estimated to be between 35 and 48 minutes. The
vortex shedding started approximately 4.6 and 2.6 hours
prior to the SAR imaging time for AVS-1 and AVS-2,
respectively. There are seven and three pairs of vortices
within the respective AVS's. The vortex tangential

velocity is estimated to be between 1.7 and 2.3 m/s and
the energy dissipated during the vortex lifetime is
estimated to be between 24.9 and 23.6 J/nT.

1. Introduction

When air flows around an obstacle, such as a
mountain or island, atmospheric vortex streets (AVS's)
can develop on the lee side of the obstacle under
favorable conditions. The AVS pattern consists of a
double row of counter rotating vortex-pairs shedding
aternately near each edge of the obstacle and resembles
the classic Von Karman vortexstreet patterns observed
in laboratory flow experiments and illustrated in Figure
1. Although atmospheric vortex shedding from large
islands was suggested as early as the 1930's [Lettau,
1939], it was not until the early 1960's that researchers
[e.g. Hubert and Krueger, 1962; Chopra and Hubert,
1964; 1965] observed the AVS pattern in the
atmospherein cloud images taken by the first generation
of earth orbiting satellites. AVS's were not observed
prior to the advent of satellites due tothe AV Sscaleof
100 to 400 km; too small to be delineated by a synoptic
observation network and too large to be observed by a
single station [Chopra and Hubert, 1964; Etling, 1989].

The wind field associated with an AV S causes cloud
structure to change around the obstacle dlowing AVSto
be observed in satellite cloud images.Based on Von
Kéarman vortex theory, Chopraand Hubert [1964; 1965]
analyzed TIROS-VI cloud images of the Madeiralsland
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and were able to derive the characteristics of AVS's,
including theratio of vortex row to vortex spacing, the
vortex shedding period, their life time, the displacement
speed, and the drag coefficient. Milkins [1968]
estimated the tangential velocity at the edge of the AVS
and found that the dissipation rate of a 3-hourodvortex
is about two orders of magnitude greater than the
background turbulence. Tsuchiya[1969] analyzed two
successive TIROS cloud images in the wake of Cheju
Island in the Northwest Pacific and concluded that the
cloud pattern can be interpreted as an atmospheric
analogue of the Von Karman vortex street. In addition,
he found that the AV S parameters extracted from the
satellite images are in good agreement with theoretical
calculations. Thomson et al. [1977] anayzed aNOAA
satellite image and discussed the drag coefficient and
vortex viscosity for aregular symmetrical wake and an
irregular asymmetrical wake. Etling [1989; 1990]
conducted laboratory experiments and found that
mesoscale vortex shedding by a three dimensional
obstacle is influenced by both flow stratification and
rotation. He al so suggested that geostationary satellite
images with atemporal resolution of 30 minuteswould
be useful for validating the vortex shedding frequency
estimated by theory.

The surface wind field associated with an AV'S can
also modify the sea surface roughness. A synthetic
aperture radar (SAR) senses the ocean surface
roughness through a Bragg scattering mechanism.
Therefore, SAR can observe any atmospheric process
that modulates near surface wind field. Examples
include lee waves, gravity waves, boundary layer rolls,
atmospheric fronts, and mesoscal e phenomena such as
polar mesoscal e cyclones and hurricanes [see the most
recent review by Mourad, 1999]. In genera, the
brighter ocean regions can be interpreted as regions of
higher wind speed. In this paper, we present and analyze
one of the first examples (of which we are aware of) of
AVS's observed on aRADARSAT SAR [Raney, et al.
1991] image. The scales of these AV S sare smaller than
those of previous case studies.

2. Atmospheric Vortex Street Patternson a
RADARSAT SAR Image

The RADARSAT SAR image (Fig. 2) considered in
this study was extracted from a ScanSAR Wide B scene
that was processed at the Alaska SAR Facility as a
QuickLook product (i.e., to aspatial resolution of 200
m with apixel spacing of 100 m). Theimage center isat
roughly 52°N, 172°W and coversthe western side of the
Gulf of Alaska. The image was acquired at 17:25:41
UTC on May 5, 1999. The bright round features at the
top of theimage are the Islands of Four Mountains of
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Figure 1. Schematic plot of a Kérman vortex street generated by
wind passing a cylindrical obstacle of diameter D. aisthevortex
spacing, and h is the width of the K&rmén vortex street.

the Aleutian Islands. Thetwo AVS swere generated in
the wake of Herbert Island (AVS-1) and Chuginadak
Isand (AVS-2), respectively. The dark pattern in the
middle of the AV S represents the low backscatter from
a smoother sea surface associated with lower wind
speedin theisland’ slee shadow region. The bright spots
on either side of the low wind speed pattern are the
atmospheric vortices. The AV S pattern length is less
than 200 km on the lee side of theislands. Thislengthis
smaller than that of the previous cases considered in the
literature; the AVS length is usually about 400 to 500
km.

Figure 3 shows the topography of the Islands of Four
Mountains. The island cross stream diameters for
Herbert Island (d,) and Chuginadak Island (d,), as
measured at the inversion layer level (see below), are
about 7.6 km.

The virtual and dew point temperature data,
measured at the nearest radiosonde station (Saint Paul
Island, Alaska (57 °25N, 170 ° 33' W)) at 1200 Z on
May 5, 1999, show astrong, harrow inversion layer at a
height of about 1200 m, with a mean air temperature
increase of between 2°C and 4£C. Within the height
range from 100 m to 1200 m, the wind vector is about
159 mv/' s from 290° with respect to north.Theradiosonde
station isabout 200 km north of the image center.

Figure 2. A RADARSAT ScanSAR wide B SAR subimage
containing the sea surface imprint of two AV S's. The image center
isat N52° and W172°, and covers the western side of the Gulf of
Alaska. Theimage was acquired at 17:25:41 UTC on May 5, 1999.
(©Canadian Space Agency, 1999)

These observations were taken about five hours prior to
the SAR acquisition time. The atmospheric
stratificationparameters for the radi osonde station may
differ from those existing within the imaged area due to
location and time differences. However, it isreasonable
to use thisradiosonde datato represent the atmosphere
conditions at the actual imaging time for the following
reasons. Firgt, there are at | east seven pairs of vorticesin
AVS-1. This indicates that atmosphere stratification
must have remained relatively stable over along period
of time to support the vortex shedding. Second, the
NOAA National Centers for Environmental Prediction
surface pressure analysis weather charts (not shown
here) show that the radiosonde station location and the
SAR image were dominated by the same atmospheric
system at 1200Z and 1800Z. The westher system did not
move appreciably between 1200Z and 1800Z.

3. Propertiesof AtmosphericVortex Streets

3.1 TheRatio of Vortex Row to Vortex Spacing(h/a)

The ratio h/a (see Fig. 1) is a basic property of an
AVS. Laboratory experiments show that a stable vortex
formed on the lee side of an obstacle is characterized by
0.28 <h/a<0.52 [Chopra and Hubert, 1964]. h/afor the
Madeira Island [Chopra and Hubert, 1965] and Cheju
Islands [Tsuchiya, 1969] case studies were 0.43 and
0.33, respectively. Five AV S patterns observed near the
Aleutian Islands by Thomson et al. [1977] had h/a
between 0.30 and 0.60.

In our case, the dimensions of the two AV S patterns
are measured directly from the RADARSAT SAR
image and aregivenin Table 1. The h/aratiois0.41 for
AVS-1 and 0.44 for AVS-2. One can see that the h/a
varies, even over the same AVS. This is because the
vortex shedding depends on the size and shape of the
obstacle aswell asthe flow characteristics. In this case,
the AV S created by different obstacles from more than
one island is thought to be the main reason for the
variation of h/&. We usethe ideal wind field to estimate
the basic properties of the AV S, sotheaverage values of
h/awill be used in the following analysis.

Figure 3. The side (a) and top (b) view of the topography of the
Islands of Four Mountains, a part of the Aleutian Islands chain.
The topography map is generated from the Digital Terrain
Elevation Data (DTED®) in the National Imagery and Mapping
Agency (NIMA) standard digital dataset.
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From Table 1, one can see that 4is24.6 kmfor AVS-1
and 34.8 km for AVS-2. These vortex spacing are much
smaller than those observed by Thomson et al.[1977]in
the Aleutian Ilands (i.e., 50 to 85 km). The AV Slength
is measured to be 196 km for AVS-1 and 111 km for
AVS-2.

32 Vortex Shedding Ratefand Propagation Vdocity (Ug

The AV Svortex shedding rate f is defined by Chopra
and Hubert [1964]:

f :Ue/a:(UO/a)(Ue/Uo) (1)

where fisthe vortex shedding rate or frequency.U.is
the vortex propagation velocity, and U, is the
undisturbed wind vel ocity. The relationship between U,
and U, isgiven by Chopraand Hubert [1965]:

Uo - Ue = (k/ 2a)tanh(ch/ ) (3]
where k is the circulation  strength:
k = oA = 2pR\ C)

where Risthe vortex radius, zisthevortex vorticity,
and V; is the tangential vortex velocity at the vortex
outer edge. From Egs. 1 and 2 we derive:

fk = 2Je(Uo - Ue)cothfh/ @) 4

In Eg. 4, h/a can be measured from SAR image
directly, and U, can be obtained from radiosonde
measurements. However, U, and k are unknown. U,can
be measured from consecutive remote sensing images, if
available, that show the evolution of the same AVS
However, in our case, only one SAR imageisavailable.
Another way to estimate U, is by using the drag
definition and Eq. 4. Chopraand Hubert [1965] derived
thedrag D as:

D =rhfk = 2rhUe(Uo - Ue)coth(ph/ @) (5)
here, r isthe density of the fluid. The drag can also
be derived from another theory [Birkhoff and
Zarantonello,1957]as:
D =r k*/2pa+rkh2Ue - Uo)/a (6)
The above equations are equal, so that Egs. 5 and 6
yield [Tsuchiya, 1969]:
(2B- AlU&/U32 + (2A- 3B)(Ue/Uo)+(B- A+B/4A)=0
)
where A=coth(ph/&) and B= ph/a. For the specia case
A=B [Chopra and Hubert, 1964; 1965; Tsuchiya, 1969,
we have h/a» 0.39. Therefore, for the h/acloseto 0.39,
Eq. 7 becomes:

4p(h/ a)(Ue/Uo)(L- Ue/Uo) =1 (8)
There are up totwo real positive solutions for Us/U,

from Eq. 8. If two real solutions exist, only the larger
one will apply. In our case, h/ais 0.41 for AVS-1 and
0.44 for AVS-2. Therefore, UJ/U,for AVS-1and AVS-2
are 0.74, and 0.76, respectively. The vortex shedding
rate f can then be calculated from U, and the & as:

f =U./a ©

Knowing the length (L) of the AV'S, one can then
calculate the vortex life time (t) as:

L=Ud (lO)

In our case, U, is about 159 Vs, ;=196 km, and
L,=111 km. Using Egs. 8 and 9, we estimate that t,=4.6
hr, t,= 2.6 hr, shedding frequency f,=4.8 10* s,
f,=35 10“s™, and shedding period T,= 35 minutes, T=
48 minutes.

3.3 Reynolds, Strouhal, Kinematic Vortex Viscosity Numbers

Etling [1990] showed that a stable vortex on the lee
side of an obstacle can exist when the Reynol ds Number
(Re) is larger than a critical value and the Froude
number is smaller than 0.4. Tsuchiya [1969] showed
that a vortex can exist when 60 < Re < 5000. The
Reynolds Number is given as:

Re=Uo.d/u (11)

where d is the obstacle diameter, and nis the
kinematic viscosity. Since nof Eq. 11 is unknown in
most cases, it isimpossible to estimate Re directly. Two
other parameters, the Strouhal number (S) and the Lin
Number (b), are introduced [Lin, 1959]:

S= fd/Uo (12
b =S/Re = fu/Us (13)

From Eqg. 13, one can see that bdoesnot depend onthe
shape and height of the obstacle. Therefore, bisan
inherent property of AV S. Therange of bvduesgivenby
Lin[1959] from laboratory experimentsis:

10°<b <25 10° (14)

If the vortex shedding rate f and wind speed U, are
known, one can use Eg. 13 to estimate the range of n
based on the range of b and Eq. 11 to estimate therange
of Re. Chopra and Hubert [1964, 1965] and Tsuchiya
[1969] used this method in their case studies.

Using the vortex shedding rate f from Eq. 9 and the
observed wind velocity U, at the height of inversion
layer, we estimate that 91 < Re < 229 for AVS-1 and 66
<Re< 166 for AVS-2. We estimated the kinematic
viscosity (n) to be 528<n<1321 for AVS-1 and 728<n
<1820 for AVS-2. These numbers are comparableto the
O(10%) kinematic viscosity observed by Thomsonetal.
[1977] associated with vortex shedding eventsin the
Aleutian Island.

Table 1. Properties of the two AVS's observed on a RADARSAT SAR image: h isthe lateral spacing between the two
vortex rows; and ais the longitudinal spacing between two vortices in the same row.

AVS1 Seven vortex pairs exist on the lee side of Herbert Island (thefirst 5 pairs of vortices are measured)
Western row Eastern row
Vortex pair 1 2 3 4 5 1 2 3 4 5
& (km): 243 23.2 22.0 27.6 225 24.8 25.2 24.4 20.3 32.1
hy (km): 84 10.0 104 10.0 11.2 84 10.0 104 10.0 112
hy/& 0.35 0.43 0.47 0.36 0.50 0.34 0.40 0.43 0.49 0.32
Average 51: 23.9, hlle.O , h1/é1:0.42 51: 25.3, hlle.O , h1/31:0.40
AVS-2 Three vortex pairs exist on the lee side of Chuginadak Island
Vortex pair 1 2 1 2
& (km): 34.4 375 32.8 34.3
h (km): 14.4 16.6 14.4 16.6
hao! & 0.42 0.44 0.44 0.48
Average  4=36.0, hp=15.6, hy/ 8=0.43 8=33.6,h,=15.6 hp/8=0.46
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The Froude number (F) isdefined as:
F=U././gd (15)

where d isthe depth of the stream taken as the depth
of theinversion layer (1200 m obtained from radiosonde
measurements). Therefore, F = 0.15. Thisresult isinthe
range of Froude numbers that could support vortex
shedding (F < 0.4), asfound by Etling [1990].

3.4 Vorticity and Energy Dissipation

The vortivity for an atmospheric vortex ismainly in
the vertical direction. After neglecting the horizontal
vorticity, Wilkins [1968] derived the rate of viscous
dissipation of vortex energy within acylindrical volume
of radiusR as:

R
e=2prugz’rdr (16)
0
where Risthe vortex radius, eisthe rate of viscous
dissipation of vortex energy, n is the kinematic

viscosity, and zis the vortex vorticity. The vortex is
assumed to be symmetrical, and zhas the form:

z = (k/4put)d " (17)
Substituting Eq. 17 into Egs. 3 and 16, we get:

Vo = (k/ 2PR)[1- ¢ /4] (18)

e= (k*/p’8R?t)[L- & *'2)] (19)

where, k and nare calculated from Egs. 4 and 13. In
this case, the vortex diameter is measured to be about 4
km for both AVS-1 and AVS-2. Therefore, we estimate
that Vg is 2.3 m/s for AVS-1 and 1.7 m/s for AVS-2.
These values are about 50% smaller than those
estimated by Wilkins [1968], presumably because the
sizes and strength of the vorticesin this case are much
smaller.

The total energy dissipated by a vortex during its
lifetimeis given by [Wilkins1968]:

dedt/r_ = (K216 T pPUa){1+ & (- R/ 2utg)" /[(n+1) Xn + 1)1}
20)

In Eq. 20, r, isthe air density (»1 kg- m®), t,isthe
starting time and should be small compared to Ot
[Wilkins, 1968], and hence we choose to an order of
magnitude smaller than t. Using the parameters for this
case, we obtain the total energy for the oldest AVS-1
and AVS-2 vortices as 24.9 Jn? and 23.6 Jnt,
respectively. For practical purpose, only the first ten
terms of Eq. 19 are calculated; the higher order terms
are sufficiently small to be neglected. These numbers
are of the same order but smaller than the case study of
Wilkins[1968]. The energy dissipation in his study was
840 ergs/cnt® = 84 Jni. Again, the size and vel ocity of
the vortex in his study were much larger.

4. Conclusions

Two atmosphere vortex streets were observed on a
RADARSAT ScanSAR Wide B SAR image of the
Aleutian Islands chain. They are interpreted as the
atmosphere analog of classic Von Kéarman vortex
streets. The length of the two AV S' s was measured to
be about 196 and 111 km, respectively. Theratio of the
width of the Von Karman vortex street f) and the
vortex spacing (&) was between 0.41 and 0.44. On the
basis of this SAR image and a nearby radiosonde
observations, the vortex shedding period was estimated

to be 35 and 48 minutes for AVS-1 and AVS-2,
respectively. Thetangential velocity at the outer edge of
the vortex was estimated to be about 2.3 m/sfor AVS-1
and 1.7 m/s for AVS-2. Thevortex lifetime at the SAR
acquisition time was about three hours and the total

energy dissipation was 24.9 JnT for AVS-1 and 23.6
Jin? for AVS-2.

From this analysis, we see that if AVS patterns are
observed by consecutive remote sensing images, the
propagation velocity (Us) and the length (L) may be
measured from the images, thus alowing direct
calculation of the vortex shedding rate and lifetime (t).

In order to observe the AVS, visible and infrared
sensors require high atmosphere moisture content so
that clouds associated with the AV Swind pattern can be
imaged. The SAR does not have this constraint sinceit
images the sea surface imprint of the AVS. SAR
coupled with visible and infrared sensors could provide
the top and bottom patterns of the AV'S. Asthe number
of SAR sensors increases over the coming years, it is
likely that simultaneous imaging (SAR, visible, and
infrared) of an AVS will become available for more
detailed AV S studies.
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